Gene silencing is a widespread phenomenon in plants, and can affect endogenous genes as well as transgenes integrated into the genome [1, 2] . Gene silencing can be induced by interactions between related genes, and one of the best-known examples is named paramutation. Paramutation is the directed heritable alteration of one allele following exposure to another allele in a heterozygote [3] . Examples are known in many plant species, but only in snapdragon and maize have molecular structures for endogenous paramutant alleles been determined [1, 2] . Over the past year, the structure, modification and genetic properties of paramutant allelic series at three loci in maize have been determined in detail [4] [5] [6] [7] [8] [9] . In addition, an example of endogenous gene silencing in Arabidopsis resembles some aspects of paramutation, although in this case non-allelic interactions are involved [10] . These examples differ from one another in their genetic properties, but it is conceivable that some underlying feature of the plant genome may tie them together.
Gene silencing is a widespread phenomenon in plants, and can affect endogenous genes as well as transgenes integrated into the genome [1, 2] . Gene silencing can be induced by interactions between related genes, and one of the best-known examples is named paramutation. Paramutation is the directed heritable alteration of one allele following exposure to another allele in a heterozygote [3] . Examples are known in many plant species, but only in snapdragon and maize have molecular structures for endogenous paramutant alleles been determined [1, 2] . Over the past year, the structure, modification and genetic properties of paramutant allelic series at three loci in maize have been determined in detail [4] [5] [6] [7] [8] [9] . In addition, an example of endogenous gene silencing in Arabidopsis resembles some aspects of paramutation, although in this case non-allelic interactions are involved [10] . These examples differ from one another in their genetic properties, but it is conceivable that some underlying feature of the plant genome may tie them together.
The red (r) locus in maize is typically a complex locus comprising several duplicate r genes [4, 5] . The r genes encode a transcription factor that regulates genes involved in anthocyanin pigment biosynthesis. Paramutation at the r locus results in changes in seed coloration due to altered pigmentation of the outer, aleurone layer of the extraembryonic endosperm storage tissue [3] . Paramutationally active r alleles fall into two genetic classes: paramutagenic and paramutable alleles. In heterozygous plants, the paramutagenic allele induces a heritable alteration in the paramutable allele that reduces its level of expression, leaving the paramutagenic allele unchanged. Paramutated alleles in this case are heritable, but revert to higher levels of expression after one or more outcross generations [3] .
The structures of the paramutagenic allele R-st [4, 5] and the paramutable allele R-r [6] have now been determined (Fig. 1) . The paramutagenic R-st allele has four r genes repeated in tandem and separated by several kilobases. The first, centromere-proximal, gene is interrupted by a transposable element (I-R), but neither this gene alone nor the I-R transposon is responsible for the paramutation [4] . Instead, it is the other three r genes -or the duplicated sequences that lie between them -that confer paramutagenicity on this complex locus [4, 5] . These three genes, Nc1-3, are expressed at a very low level, resulting in a near-colorless (Nc) phenotype. Derivative alleles, generated by unequal crossing-over, have fewer repeats, are less paramutagenic and confer higher levels of seed pigmentation [4] . The upstream regions of the component r genes are extensively methylated in the most paramutagenic derivatives [5] .
The paramutable R-r allele has three functional r genes [6] . One is expressed in plant (as opposed to seed) tissues, and is separated from the others by more than 190 kilobases; it is not thought to play a major role in paramutation. The other two r genes are part of a complex rearrangement 
PAI1-PAI4
resulting from the insertion, breakage and duplication of a doppia transposable element [6] . These two r genes are in head-to-head inverted orientation, separated by the doppia transposon ( Fig. 1) . Analysis of derivative alleles suggests that the doppia element functions as part of the bidirectional promoter controlling r gene expression in the seed [6] . The doppia element is extensively methylated in paramutant forms [5] , which are themselves weakly paramutagenic [3] . In another example, the R-sc allele, which has only a single functional r gene, may interact with a particular allele of the r homologue Sn, which lies 2 centiMorgans distal to the r locus and conditions pigmentation in seedling tissues [9] . This apparent non-allelic silencing results in extensive methylation, and can be reversed to some extent by treatment with 5-azacytidine [9] .
Two other maize genes encoding transcription factors that regulate the anthocyanin biosynthesis pathway show paramutation [7, 8] . The booster (b) gene is also related to r, but it is expressed in vegetative plant tissues where it regulates leaf and shoot pigmentation. The B-I allele is paramutable when heterozygous with the paramutagenic B′ allele [7] . B′ and B-I have only a single copy of the b gene at the locus, and appear to be identical in DNA sequence and modification [7] . B-I can give rise to B′ at a high frequency, but B′ never reverts to B-I. All other b alleles tested are not subject to paramutation, and B-I differs from these alleles by large-scale rearrangements (such as insertions) in the promoter region. The promoter region is responsible for paramutation [7] , but the precise nature of the rearrangements that distinguish this promoter from that of non-paramutational alleles has not yet been determined. Paramutation is known to result in drastically reduced levels of transcription without detectable changes in DNA methylation [7] .
The purple plant (pl) gene encodes another, structurally unrelated, transcription factor that regulates expression of enzymes concerned with anthocyanin biosynthesis. Paramutation of the pl gene resembles that of the b gene in many respects [8] . The paramutagenic allele Pl-mah is derived from the paramutable allele Pl-Rh without detectable alterations in DNA sequence, resembling the relationship between the B′ and B-I alleles [8] . A large doppia transposon is found immediately upstream of the gene in Pl-mah and Pl-Rh [6] . A similar transposable element is found upstream of the gene in the epigenetically unstable allele Pl-Blotched, although this allele already conditions a variegated phenotype which is not altered by paramutation [6, 8] .
Heritability in subsequent generations differs between these cases. The paramutant phenotype is extremely stable in the case of B′, moderately stable in the case of Pl-mah and unstable in the case of r [3, 4, 7, 8] . The timing of paramutation during somatic plant development also differs between the three cases. In each example, however, paramutant mosaics are frequently observed, comprising sectors of paramutant and normal tissue that often change progressively during plant development [2] .
Bender and Fink [10] have found an example of epigenetic silencing in Arabidopsis that resembles paramutation.
In Arabidopsis ecotype WS, four genes at three unlinked loci encode the tryptophan biosynthesis enzyme phosphoribosylanthranilate isomerase (PAI). The genes are heavily methylated and two, PAI1 and PAI4, are found in tail-totail orientation flanked by large repeats (Fig. 1) . In a spontaneous mutant line, PAI1 and PAI4 were found to have been deleted by recombination between the repeats. Overall transcript levels are lower in the mutant, resulting in a fluorescent phenotype due to the accumulation of tryptophan pathway intermediates. This phenotype is unstable, and reverts to wild-type somatically and germinally. Mosaic plants are observed among the mutant progeny, and change progressively during development. Revertants and mosaics have increased expression levels and decreased methylation at the remaining unlinked genes, PAI2 and PAI3. Both genes are coordinately affected, but only PAI2 is necessary for reversion. Growth in the presence of 5-azacytidine promotes reversion of the mutant phenotype, suggesting that one or both remaining PAI genes may be reactivated by demethylation.
This spontaneous deletion mutant has thus uncovered an example of non-allelic paramutation. In wild-type plants, the rearranged genes PAI1 and PAI4 are somehow responsible for reduced expression and increased methylation at the unlinked loci PAI2 and PAI3. When PAI1 and PAI4 are deleted, the 'paramutation' wears off, resulting in mosaic progeny. The mosaicism has been attributed to the PAI2 gene [10] , but it is possible that the instability lies elsewhere, for example, in the heavily methylated promoter and repeat sequences that remain at the PAI1 locus in the deletion mutant. It will be of interest to determine whether the unstable alleles can interact epigenetically with other alleles, such as the revertants [10] . In many ways, the PAI1-PAI4 complex closely resembles complex transgene loci that mediate ectopic silencing in plants, and it is possible that the arrangement of repeats in itself somehow mediates silencing [1, 10] ; however, the origin of the allele may also play a role (see below).
Differences between these epigenetic phenomena are generally cited as evidence that the silencing mechanism must be different in each case [1] . For example, cytosine methylation can be induced by repeated sequences in filamentous fungi, and may be the underlying cause of some types of paramutation [2] . In other cases, chromatin structure or aberrant RNA processing may play a role [1] . Although several mechanisms are likely to be responsible for the various different silencing phenomena, it is instructive to speculate that some common feature of the higher plant genome might underlie each of these mechanisms.
If these examples of paramutation do share some crucial property, a number of candidates can be eliminated. First, the r and PAI genes are duplicated and methylated, but the pl and b genes are not. Thus gene duplication is not required for paramutation, though duplication may stimulate DNA methylation, which can influence gene expression. Second, in all cases, numerous non-paramutationally sensitive alleles exist, which have extensive nucleotide homology with paramutagenic alleles, suggesting that coding sequence homology per se is not sufficient for paramutation. Third, paramutagenic alleles typically have much lower levels of transcript accumulation relative to non-paramutagenic alleles, making RNA-mediated silencing less likely. Fourth, interactions between allelic and non-allelic genes suggests that somatic pairing of homologous chromosomes is unlikely to have a role in paramutation. Ectopic pairing is certainly not ruled out, however, and may well play a role [1] .
What features do these various examples of paramutation have in common? An intriguing candidate is the presence of transposable elements inserted in the promoter regions of paramutationally active alleles [11, 12] . Transposons have been found in the upstream regions of r and pl [6] . Furthermore, the nature of the rearrangements at B-I and PAI1-PAI4 may well have involved transposons [8, 10] . Examples of transposon-mediated gene silencing are well known in maize and in other species [2] . Barbara McClintock [11, 12] showed that certain alleles of the anthocyanin biosynthesis gene a1 had a defective Suppressor-mutator transposon, dSpm, inserted in a regulatory region that was subsequently shown to be the gene's promoter. In the presence of a full-length functional Spm element elsewhere in the genome, these dSpm alleles were 'preset' to change their pattern of expression in the next generation, in a weakly heritable, somatically unstable fashion [11, 12] . Suppose that the full-length Spm element was present at the a1 locus when it mediated this effect -that is, in a plant heterozygous for the original Spm allele and the derivative dSpm allele of a1. In that case, segregation of the preset dSpm allele from the active Spm allele in the next generation would resemble paramutation of the preset allele (in this case, paramutation to a higher level of expression). However, this would reflect an interaction between the transposons rather than an interaction between the genes themselves.
Presetting of Spm elements has been examined in detail recently [13] , and found to be mediated by the TnpA protein, a DNA-binding protein encoded by the fulllength Spm element that interacts differently with methylated and unmethylated Spm promoter sequences. The mechanism of heritable change is still unclear [13] , but if the responding ('preset') element were itself partially functional, presetting could also account for the acquisition of 'paramutagenic' properties by the 'paramutable' allele [13] . Such an effect is unlikely to be unique to Spm elements, as numerous maize transposon families are known to regulate genes epigenetically when they are inserted near promoters [2] . Interactions between different transposon families and derivatives could thus account for the allele specificity of paramutational interactions.
Although transposons may well have a role in endogenous gene silencing, what about transgene interactions? Transgene integration in the higher plant genome frequently results in gene silencing [1, 2] . Silencing can affect the transgene itself, unlinked endogenous genes and other transgenes that share homologous DNA sequences. Heritability can range from none at all, to varying degrees of stability in subsequent generations. This phenomenon is of enormous practical importance for the biotechnological manipulation of crop plants, but the mechanism remains a mystery.
Because of the specificity of the interactions between genes, silencing is usually thought to involve DNA or RNA hybrids that result in silencing via DNA modification or aberrant RNA processing and transport [1] .
Transgene silencing is complex, gene-specific and very likely to be mediated by several different mechanisms [1] . However, transposons are very widespread components of higher plant genomes, accounting for much of the 'excess' DNA that does not encode genes. Transgene integration is therefore likely to involve juxtaposition of transposon and transgene sequences, particularly in larger genomes like those of tobacco, petunia and maize. Perhaps transposon proximity has some bearing on transgene silencing. This might be mediated by the influence of transgene enhancer elements on expression of transposon-encoded regulatory factors (and vice versa), or via the turnover of chimaeric transposon-transgene transcripts [2] .
Such influences are by no means limited to plants. Two dominant alleles at the agouti coat-color locus in the mouse also undergo epigenetic mosaicism and silencing, and are caused by insertion of retrotransposons in the 5′ end of the gene [14] . Interestingly, both alleles are phenotypically enhanced when transmitted through the female, but not the male, germline, even though other alleles at the agouti locus are not normally imprinted by parental lineage [14] . Paramutable alleles at the r locus in maize are also imprinted when transmitted through the female germline, an effect that masks, though it does not erase, paramutation [2, 3] . Other r alleles are not imprinted in this way [4] .
Even if these parallels are coincidental, the importance of transposons in epigenetic mechanisms of gene regulation should not be underestimated, given their paramount contribution to genome structure. The presence of multiple copies of transposon-borne regulatory signals -all potentially related by transposon-encoded DNA-binding proteins, and all potential signals for chromatin changes and DNA methylation -is sure to be a factor in the regulatory milieu of the eukaryotic nucleus.
